X chromosome-linked intellectual disability is a common developmental disorder, and mutations of the polyglutamine-binding protein 1 (PQBP1) gene have been linked to this disease. In addition to existing in the nucleus as a splicing factor, PQBP1 is also found in cytoplasmic RNA granules, where it associates with RNA-binding proteins. However, the roles of cytoplasmic PQBP1 are largely unknown. Here, we show that the Drosophila homolog of PQBP1 (dPQBP1) is present in the cytoplasm of photoreceptor cells, and its loss results in defective rhabdomere morphogenesis, which is due to impaired Chaoptin translation. We also show that dPQBP1 regulates mRNA translation by interacting with dFMR1, which binds to specific mRNAs and facilitates their assembly into translating ribosomes, a function that is conserved for human PQBP1 and FMRP. Our findings reveal the conserved function of PQBP1 in mRNA translation and provide molecular insights into the pathogenic mechanisms underlying Renpenning syndrome.
Introduction
Individual neurons undergo many morphological and functional changes throughout their differentiation and maturation, during which they synthesize proteins in a spatially and temporally restricted manner to meet functional demands. RNA-binding proteins (RBPs) bind to mRNAs at their 3′-untranslated, 5′-untranslated or coding regions and regulate their splicing, localization, stability and translation (1, 2) . RBPs regulate mRNA distribution and metabolism by consolidating RNA-protein complexes to form RNA granules in which translation is repressed (3, 4) . Upon demand, mRNA is shuttled from these storage granules to specific locations where RNA translation is rapidly initiated. Recent work has revealed that mutations of the RBPs that form mRNA granules are strongly implicated in a variety of diseases, especially neurological disorders (5) (6) (7) (8) (9) .
Mutations in the PQBP1 gene, which encodes an RBP, have been associated with ∼10 types of familial X chromosome-linked intellectual disability (XLID) (10) (11) (12) . XLID patients share several clinical features such as intellectual deficiency, microcephaly, short stature, small testes and specific facial dysmorphism, thus these different types of XLID have collectively been referred to as Renpenning syndrome (10, 13) . Several animal models have confirmed the role of the PQBP1 protein in neural development and cognition. Conditional knockout of the PQBP1 gene in mice results in a microcephaly phenotype (14) , and partial loss of function of PQBP1 in mice causes abnormal neurobehavioral phenotypes (15) . In contrast, PQBP1 gene duplication has been found in patients with Renpenning syndrome, in which the PQBP1 protein may be overexpressed (16) . Furthermore, overexpression of PQBP1 promotes neuronal death in mice and disrupts long-term memory in Drosophila (17) (18) (19) . These findings suggest that a restricted level of PQBP1 is critical for proper neuronal function.
The PQBP1 gene encodes a widely expressed 38 kDa protein (20, 21) that contains several domains: a WW domain that interacts with the C-terminus of activated RNA polymerase II (22) , a polyglutamine-binding domain (PRD) that binds to the polyQ region of the transcription factor Brn2 (21), a nuclear localization signal (NLS) and a C-terminal domain (CTD) that binds to spliceosome components (23, 24) . Several studies show that PQBP1 mediates neural development by regulating mRNA splicing. In addition to functioning in the nucleus, PQBP1 also interacts with cytoplasmic RBPs (25) . However, the physiological functions of PQBP1 in the cytoplasm are not clear. Because the Drosophila homolog of PQBP1 (dPQBP1) lacks an NLS and CTD but has WW and PRD domains, it could be used to investigate the cytoplasmic functions of PQBP1.
The Drosophila rhabdomere provides an outstanding model system for understanding morphogenetic mechanisms in neurons. The rhabdomere consists of a stack of ∼60 000 tightly packed microvilli, and each microvillus contains two microfilaments of actin (26, 27) . Rhabdomere microvilli provide a massive plasma membrane surface to pack in the visual pigment rhodopsin and the integral membrane protein Chaoptin, which mediates adhesion between the apposed membranes of neighboring microvilli (28, 29) . In addition, the components and regulators of phototransduction cascades, such as INAD, TRP and arr2, are inserted or anchored into the membrane of rhabdomere microvilli. Here, we show that dPQBP1 is localized in the cytoplasm of photoreceptor cells, and its loss results in defective rhabdomere morphogenesis due to impaired Chaoptin translation. We further demonstrate that dPQBP1 associates with specific mRNAs and facilitates their assembly into translating ribosomes. In addition, we show that human PQBP1 associates with mRNAs in the cytoplasm and regulates mRNA translation. Our study shows the important roles of PQBP1 in neural development and reveals the mechanism by which PQBP1 regulates mRNA translation. (30) . To delete the extra P-elements and standardize the background, the mutant line was out-crossed (based on the EYFP marker) for more than six generations with the w 1118 strain. Homozygotes for this allele are viable. Real-time reverse transcription polymerase chain reaction (qRT-PCR) analysis showed that the amount of mRNAs of the PQBP1 gene but not that of its neighboring gene dVeli decreased by ∼75% in mutants (Fig. 1A) . Western blots further revealed a reduced level of dPQBP1 protein in mutants (Fig. 1B) . From here on, the pBac{GAL4.EYFP}PQBP1 PL00109 mutant allele is referred to as the hypomorphic allele of the dPQBP1 gene.
To explore the potential roles of dPQBP1 in neural development and function, we investigated the distribution of endogenous dPQBP1 in the adult fly head. Immunostaining revealed that dPQBP1 was predominantly expressed in the retina (Fig. 1C and Supplementary Material, Fig. S1C ). Thus, we next examined the potential roles of dPQBP1 in visual function. Interestingly, electroretinogram (ERG) recordings showed that dPQBP1 mutants exhibited lower ERG amplitudes than wild-type flies (Fig. 1D ). This abnormal ERG response could be due to a defective rhabdomere structure or could reflect deficits in phototransduction cascades. To distinguish between these possibilities, we conducted electron microscopy (EM) to examine the rhabdomere structure of newly enclosed adult flies. In contrast to the tightly packed microvillar structure observed in wild-type flies, dPQBP1 mutants showed split and disorganized microvilli as well as reduced rhabdomere size in photoreceptors ( Fig. 1E and F Fig. 1B and D-F ). These results demonstrate that dPQBP1 is essential for rhabdomere structure and visual function.
dPQBP1 mediates rhabdomere morphogenesis
The defective rhabdomere structure in dPQBP1 mutants could be due to abnormal rhabdomere morphogenesis or retinal degeneration. To elucidate the cause, we monitored rhabdomere formation in developing photoreceptors in dPQBP1 mutants. At 50% of pupal development (% pd), actin-based microvilli were tightly packed in rows in wild-type rhabdomeres but were arranged irregularly and packed loosely in dPQBP1 mutant rhabdomeres ( Fig. 2A) . At this stage, dPQBP1 mutant rhabdomeres showed significantly reduced microvillus density and mild decreased microvillus length compared with the wild-type ones ( Fig. 2A-C) . At 60 and 80% pd, dPQBP1 mutants exhibited reduced microvillus density ( Fig. 2A and B) , whereas microvillus elongation and adherent junction formation were normal ( Fig. 2A and C) . In addition, phalloidin staining showed that dPQBP1 mutant photoreceptors properly underwent proximal to distal elongation during their development ( Fig. 2D and E ). These observations indicate that dPQBP1 is essential for rhabdomere morphogenesis.
Each microvillus consists of two microfilaments of actin, which not only provide a scaffold for membrane stacking but also generate the protruding force for microvillus elongation (31) . EM revealed that microvillus elongation at the later pupal stage (from 60 to 100% pd) was normal in dPQBP1 mutants ( Fig. 1E and F , Fig. 2A and C) . Moreover, western blotting showed that molecules involved in F-actin assembly, including Cofilin, Profilin (Chic), Arp2/Arp3 and Rac1, exhibited normal protein levels in dPQBP1 mutant eyes (Supplementary Material, Fig. S2A ). We also found that purified recombinant dPQBP1 did not promote F-actin assembly in vitro (Supplementary Material, Fig. S2B ). Therefore, these results rule out the possibility that dPQBP1 regulates rhabdomere morphogenesis by mediating F-actin assembly.
Impaired Chaoptin expression leads to defective rhabdomere morphogenesis
Rhabdomere microvilli provide the massive plasma membrane surface to pack in membrane proteins, ∼65% of which are rhodopsins and the rest are mainly Chaoptin, an integral membrane protein that promotes adhesion between the apposed membranes of neighboring microvilli (28, 29) . Since the defective morphogenesis in dPQBP1 mutant is not caused by irregular F-actin assembly, we would like to test if it is caused by membrane protein malfunction.
Immunostaining showed that the major rhodopsin (Rh1) was markedly reduced in matured dPQBP1 mutant photoreceptors (Fig. 3A) . Western blotting further revealed that Rh1 and TRP channel but not INAD or Arr2 were significantly reduced in dPQBP1 mutant adults (Supplementary Material, Fig. S3A ). However, the defective rhabdomere morphogenesis in dPQBP1 mutant photoreceptors precedes the expression of Rh1 (50 versus 68% pd), ( Fig. 2A) (32) (33) (34) (35) (36) (37) (38) , therefore the reduced rhodopsin level might be a consequence but not the cause of defective rhabdomere morphogenesis.
Next we compared the protein levels of Chaoptin in wild-type and dPQBP1mutant photoreceptors. Immunostaining and western blotting revealed that Chaoptin was markedly reduced in dPQBP1 mutant adult photoreceptors (Fig. 3A and B) . It has been reported that chaoptin mutant flies display similar deficits in rhabdomere morphogenesis as dPQBP1 mutants (39) . Interestingly, our EM studies also revealed that at 50% pd, chaoptin mutant showed the irregularly arranged and loosely packed microvillus structure, phenocopying the defective rhabdomeral morphogenesis in dPQBP1 mutant (Fig. 3C) . Furthermore, expression of p[UAS::dPQBP1] in dPQBP1 mutant photoreceptors successfully restored Chaoptin levels and rhabdomeral structures ( Fig. 1E and F, and Fig. 3A and B). These observations strongly suggest that the defective rhabdomeral morphogenesis is due to the reduced Chaoptin level.
However, qRT-PCR and subsequent sequencing analysis revealed that chaoptin mRNA transcription and splicing were normal in dPQBP1 mutant flies (Fig. 3D) . We further monitored the processes of Chaoptin biosynthesis in developing photoreceptors. In developing eye discs, the protein levels of Chaoptin were already significantly reduced in dPQBP1 mutants (Fig. 3E ). The similar reduction was also observed in the photoreceptors at 70% pd (Fig. 3F) . Notably, the newly synthesized Chaoptin proteins, even very low in dPQBP1 mutants, were successfully loaded into the rhabdomeres and no cytoplasmic accumulation was seen ( Fig. 3E and F) , indicating that the process of membrane protein maturation was normal. Taken together, these observations imply that dPQBP1 is critical for the protein synthesis of Chaoptin, whose impairment might cause the defective rhabdomeral morphogenesis in dPQBP1 mutant.
dPQBP1 is required for the biosynthesis of specific proteins
Although the loss of dPQBP1 severely disrupted Chaoptin biosynthesis, our western blotting has shown that dPQBP1 mutant adults express normal INAD and Arr2 proteins (Supplementary Material, Fig. S3A ). In addition, the dPQBP1 mutant contains a piggyBac transposon, which carries an EYFP marker under the control of the 3×Pax-6 promoter (Supplementary Material, Fig. S1B ) (30) . Using EYFP as an artificial reporter, we compared the EYFP expression levels between dPQBP1 heterozygote and dPQBP1/ Df (3R)BSC493 (lack the entire dPQBP1 gene) combination flies, both of which contain one copy of EYFP gene. Immunostaining revealed that EYFP expressions were comparable in these two adults (Supplementary Material, Fig. S4 ). These observations indicate that dPQBP1 is only involved in the translation of specific proteins, but does not affect the general protein translation process.
Next, we asked whether dPQBP1 is also required for the biosynthesis of other proteins. Surprisingly, antibody staining showed that an endoplasmic reticulum (ER)-resident chaperone (BiP) and anti-horseradish peroxidase (HRP) signal were significantly reduced in the developing dPQBP1 mutant eye discs ( Fig. 4A and B) . In contrast, membrane protein, Na + /K + -ATPase-α subunit (ATPα) and Fasciclin 2 (Fas II) were normally expressed and properly distributed in the dPQBP1 mutant eye discs ( Fig. 4A and B ). In addition, ATPα and Fas II staining revealed normal cell morphology in dPQBP1 mutant eye discs (Fig. 4A) , excluding the possibility that impaired Chaoptin expression is due to cell damage-caused abnormality. Consistently, western blotting showed that BiP and one band recognized by anti-HRP antibody were significantly reduced in dPQBP1 mutant eye discs (Fig. 4C ). However, Down syndrome cell adhesion molecule 2 (DsCam2), Fas II, ATPα and the Drosophila homolog of eukaryotic translation initiation factor 5 (Kar) were all normally expressed in dPQBP1 mutant eye discs (Fig. 4C) . We excluded the possibility that the reduced expressions of these genes are due to the impaired transcription of these genes. Because qRT-PCR analysis revealed that dPQBP1 mutant eye discs contains the normal mRNA levels of BiP, DsCAM, Fas II and ATPα compared with wild type (Fig. 4D ). Taken together, these observations suggest that dPQBP1 is required for the biosynthesis of specific proteins.
To further identify the proteins whose biosynthesis is regulated by dPQBP1, we separated the membrane from isolated larval eye discs and performed silver staining. We found that several bands were absent or showed reduced levels in dPQBP1 Table S1 ). Subsequent qRT-PCR analysis revealed that the mRNA levels of Polo, CG17896, CG5177, Scully and ATPsynO in dPQBP1 mutant eye discs were normal (Supplementary Material, Fig. S5B ). Therefore, dPQBP1 appears to be essential for the biosynthesis of specific proteins.
BiP is involved in nascent protein folding in the ER (40) , and loss of BiP results in slight rough eye (41) . Indeed, RNAi knockdown of BiP in photoreceptors caused a partial accumulation of Rh1 in the cytoplasm (Fig. 4E ). However, Chaoptin and Rh1 levels were not dramatically reduced in RNAi flies (Fig. 4E) . Therefore, the reduced Chaoptin and Rh1 levels in dPQBP1 mutant photoreceptors are unlikely due to the absence of BiP.
dPQBP1 exists in the translational machinery
To elucidate how dPQBP1 regulates the process of protein biosynthesis, we investigated the subcellular localization of dPQBP1 in photoreceptors. Antibody staining showed that endogenous dPQBP1 surrounds the nucleus in photoreceptors (Fig. 5A) . We also performed antibody staining of dissected eye discs in which the ER or Golgi apparatus was labeled with green fluorescent protein (GFP). We found that dPQBP1 predominately existed in the ER but not in the Golgi apparatus (Fig. 5B) . To validate the subcellular localization of dPQBP1, we isolated membrane fractions of the ER and Golgi apparatus using OptiPrep density centrifugation (42) . dPQBP1 was predominantly found in the fractions containing BiP and NinaA, which are two ER-resident chaperones (Fig. 5C ). Syntaxin 16, a marker of Golgi apparatus, was predominately found in the top fractions that do not contain dPQBP1 as well as found in the middle fractions containing dPQBP1 (Fig. 5C ).
To gain mechanistic insights into the dPQBP1 mediation of protein biosynthesis, we collected dPQBP1-containing ER fractions from OptiPrep density centrifugation and performed Table S1. pull-down analysis to identify dPQBP1-associated proteins. Using nano-liquid chromatography mass spectrometry/mass spectrometry (LC-MS/MS) analysis, we identified dozens of potential dPQBP1-associated proteins, 10 of which are ribosome proteins, two are mRNA-binding proteins and others are involved in ATP synthesis ( Fig. 5D and Supplementary Material, Table S2 ). To validate the results from MS analysis, we carried out coimmunoprecipitation experiments and confirmed in vivo association between dPQBP1 and Yps (Fig. 5E ). These data confirm that dPQBP1 is associated with the translational machinery.
As the rough endoplasmic reticulum (RER) is studded with ribosomes that are the sites of protein synthesis, we next precipitated RER-enriched microsomes with calcium chloride (43) . Western blotting showed that dPQBP1 was present in the RER (Fig. 5F ). Taken together, these findings indicate that dPQBP1 is involved in the translational machinery.
To visualize the dynamic distribution of dPQBP1 in the translational machinery, we isolated postmitochondrial supernatants from wild-type fly head extracts and separated messenger ribonucleoprotein particles (mRNPs), ribosomal subunits, monoribosomes and polyribosomes using linear sucrose density gradient fractionation. The sedimentation of translation components was assessed by the absorption at 254 nm (Fig. 5G) . Interestingly, dPQBP1 was mainly detected as a free protein at the top of the gradient and in Table S2 .
Human Molecular Genetics, 2015, Vol. 24, No. 16 | 4605 fractions containing mRNPs, 40S and 60S ribosomal subunits and 80S monoribosomes but rarely detected in fractions containing polyribosomes (Fig. 5G) . These results strongly indicate that dPQBP1 associates with mRNA and functions as an mRNP.
dPQBP1 associates with specific mRNAs
To determine whether dPQBP1 associates with poly(A) RNA in vivo, we separated postmitochondrial supernatants from wild-type head extracts and captured poly(A) RNA using oligo(dT) beads. After incubating with oligo(dT), captured mRNPs were eluted and subjected to immunoblot analysis, which revealed that dPQBP1 was cocaptured with poly(A) RNA (Fig. 6A) . To confirm that dPQBP1 is captured via poly(A) RNA, lysates were treated with 0.2 N sodium hydroxide at 37°C for 15 min prior to capture, which allowed partial digestion of RNA without degrading dPQBP1. The amount of captured dPQBP1 was reduced by sodium hydroxide treatment, indicating that this capture is RNA-dependent (Fig. 6A) .
Given that dPQBP1 also exists in the fraction containing monoribosomes, we next investigated whether dPQBP1 directly associates with assembled monoribosomes. To disassociate monoribosomes into subunits and release mRNPs, we added ethylenediaminetetraacetic acid (EDTA) into postmitochondrial supernatants at a final concentration of 30 m. After incubating with oligo(dT), captured mRNPs were eluted and subjected to immunoblot analysis. Interestingly, a comparable amount of dPQBP1 was captured regardless of the presence of EDTA (Fig. 6B ). These observations suggest that dPQBP1 does not directly associate with assembled monoribosomes. Instead, it may incorporate into monoribosomes during the assembly of 40S or 60S subunits.
To explore how dPQBP1 selectively regulates specific mRNA translation, we carried out coimmunoprecipitation experiments to identify mRNAs that associate with dPQBP1 in vivo. Using anti-dPQBP1 antibody, we immunoprecipitated mRNAs from lysates derived from either wild-type or dPQBP1 mutant flies.
RT-PCR analyses revealed that chaoptin and BiP mRNAs were readily detected in both the total RNAs and the RNAs that were immunoprecipitated from wild-type flies, whereas these mRNAs were weakly detected in dPQBP1 mutant sample (Fig. 6C) . In contrast, normally expressed mRNAs, including arr2 and INAD, were rarely detected (Fig. 6C) . We also performed qRT-PCR analysis to quantify the amount of mRNAs that associate with dPQBP1 (Fig. 6D) . The mRNAs whose protein synthesis was significantly impaired in dPQBP1 mutants shown in our pull-down assays (Supplementary Material, Fig. S5A and Table S1 ) including polo, CG5177 and scully were immunoprecipitated with dPQBP1 in wild-type files but the amounts were significantly reduced in dPQBP1 mutants (Fig. 6D) . No significant associations of arr2 and INAD mRNAs with dPQBP1 were detected both in the wild-type and dPQBP1 mutant flies (Fig. 6D) . These results indicate that dPQBP1 selectively associates with specific mRNAs in vivo.
dPQBP1 interacts with dFMR1 to facilitate mRNA assembly into translating ribosomes Although PQBP1 has been shown to bind preferentially to a poly (rG) sequence (20) , it lacks the classical RNA-binding motif. Therefore, it is possible that dPQBP1 might associate with some RBPs. Although our MS analysis and coimmunoprecipitation experiments showing that dPQBP1 associates with RBP Yps and Ref1, RNAi knockdown either Yps or Ref1 failed to reduce Chaoptin protein level (data not shown) and dPQBP1 mutant flies possessed normal Yps protein level (Fig. 7A ). These observations exclude the possibility that dPQBP1 regulate Chaoptin translation through associating with Yps or Ref1.
Previous study has shown that mammalian PQBP1 interacts with FMR1 that harbors three canonical RNA-binding domains (25, 44) . To test whether dPQBP1 also associates with dFMR1, we performed pull-down assay and coimmunoprecipitation experiments. Interestingly, dFMR1 protein level is normal in dPQBP1 mutant flies (Fig. 7A) , and it interacts with dPQBP1 Fig. 7B and C) . If dPQBP1 regulate Chaoptin translation through associating with dFMR1, we should be able to observe the reduced Chaoptin expression in fmr1 mutant flies. Indeed, Chaoptin expressions were significantly reduced in both fmr1 3 and fmr1 Δ50M mutant eye discs (Fig. 7D ). These observations strongly suggest that dPQBP1 might regulate Chaoptin translation through associating with dFMR1. Previous studies have shown that the majority of cytoplasmic hFMRP associates with polyribosomes as well as mRNPs and the function of the KH2 RNA-binding domain is essential for normal polyribosome association of FMRP (45) (46) (47) (48) (49) . Given that dPQBP1 associates with dFMR1 and regulates specific mRNAs translation, we next compared the distributional profiles of dFMR1 and the translational profiles of these mRNAs in wild-type and dPQBP1 mutant flies. After locking translating ribosomes on their mRNA templates by incubating lysates with cycloheximide, postmitochondrial supernatants from wild-type and dPQBP1 mutant lysates were isolated for linear sucrose density gradient fractionation. Interestingly, in wild-type samples, dFMR1 exhibited a similar distribution pattern with that of dPQBP1, which predominately existed in fractions containing mRNPs, 40S and 60S ribosomal subunits and 80S monoribosomes but rarely detected in fractions containing polyribosomes (Fig. 7E) . In contrast, in dPQBP1 mutant samples, dFMR1 were accumulated in fractions containing mRNPs but rarely existed in fractions containing 40S and 60S ribosomal subunits, 80S monoribosomes and polyribosomes (Fig. 7F ). These observations suggested that dPQBP1 regulates the distribution of dFMR1.
Meanwhile, we compared the translational profiles of these mRNAs in these samples. In wild-type samples, ∼62% of Chaoptin mRNA existed in fractions containing monoribosomes and ∼27% in fractions containing polyribosomes, whereas only ∼11% of Chaoptin mRNA was detected in fractions containing mRNPs (Fig. 7E) . However, in dPQBP1 mutant samples, ∼38% of Chaoptin mRNA existed in fractions containing monoribosomes and ∼14% in fractions containing polyribosomes, whereas >48% of Chaoptin mRNA was retained in fractions containing mRNPs (Fig. 7F) . Several other mRNAs that showed impaired translation also exhibited abnormal distribution profiles in dPQBP1 mutant flies ( Fig. 7G and H) . Although arr2 and INAD mRNA also showed a partial accumulation in fractions containing mRNPs, their mRNA existed in fractions containing polyribosomes were comparable between wild-type and dPQBP1 mutant flies (Fig. 7G and  H) .These results suggest that dPQBP1 facilitates specific mRNA assembly into translating ribosomes. Taken together, these observations indicate that dPQBP1 interacts with dFMR1 to facilitate mRNA assembly into translating ribosomes.
hPQBP1 associates with mRNA in the cytoplasm and mediates mRNA translation Previous studies show that mammalian PQBP1 exists not only in the nucleus but also in the cytoplasm (25, 50) . Moreover, PQBP1 interacts with some cytoplasmic RBPs and colocalizes with these proteins in RNA granules (25) . This evidence led us to examine whether cytoplasmic hPQBP1 also associates with mRNAs and mediates mRNA translation. To investigate the dynamic distribution of hPQBP1 in the translation machinery, we performed ribosome profile analysis. We isolated postmitochondrial supernatants from SK-N-BE2 cells and separated the translational components using linear sucrose density gradient fractionation. Western blotting showed that hPQBP1 was mainly found in fractions containing mRNPs, 40S and 60S subunits and 80S monoribosomes and was rarely detected in fractions containing polyribosomes (Fig. 8A) . These results suggest that hPQBP1 associates with mRNPs.
To confirm that cytoplasmic hPQBP1 associates with mRNAs in the cells, we collected SK-N-BE2 cells and gently lysed the cells without disturbing nuclei. After centrifugation, postmitochondrial supernatants were incubated with oligo(dT) to permit the capture of mRNPs. Immunoblot analysis showed that cytoplasmic hPQBP1 was cocaptured with poly(A) RNA (Fig. 8B) . In addition, the amount of captured hPQBP1 was reduced by RNase treatment, indicating that the capture is RNA-dependent (Fig. 8B ). These results demonstrate that cytoplasmic hPQBP1 associates with mRNAs in vitro.
To further examine whether hPQBP1 mediates mRNA translation, we generated p[UAS-hPQBP1] transgenic flies and performed rescue experiments. Immunostaining showed that hPQBP1 mainly localized in the nucleus and partially existed in the cytoplasm (Fig. 8C) . Interestingly, expression of hPQBP1 successfully restored Chaoptin level in dPQBP1 mutant photoreceptors (Fig. 8D ). These observations demonstrate that hPQBP1 also mediates Chaoptin mRNA translation in fly photoreceptors. Taken together, these findings indicate that PQBP1 associates with mRNAs in the cytoplasm and mediates mRNA translation.
Discussion dPQBP1 mediates rhabdomere morphogenesis
Deregulation of neuronal morphogenesis and impaired development of dendrites and dendritic spines are prominent pathological features of intellectual disability (51) . A previous study showed that depletion of PQBP1 in primary mouse neurons reduces dendritic outgrowth (52) . Here, using Drosophila, which is an outstanding model system for understanding morphogenetic mechanisms in neurons, we showed that dPQBP1 mutant flies exhibit defective rhabdomere morphogenesis. Morphological changes in neurons are typically mediated by the microfilament and microtubule cytoskeleton. Mutations in genes encoding for various cytoskeletal proteins produce deficits in compound eye morphogenesis (53, 54) . However, in this study, we provide evidence that defective rhabdomere morphogenesis in dPQBP1 mutants is not due to impaired F-actin assembly.
The rhabdomere membrane contains two principal membrane proteins: rhodopsin and Chaoptin (28, 29, 36, 38) . In this study, we revealed that defective rhabdomere morphogenesis is due to impaired Chaoptin expression. Chaoptin is a member of the leucine-rich repeat superfamily of proteins that mediates tight adhesion between neighboring microvilli (28, 29) . In this study, we showed that chaoptin mutant rhabdomere exhibit irregularly arranged and loosely packed microvillus structure at 50% pd, which phenocopies the deficits observed in dPQBP1 mutant photoreceptors at the same stage. These data are supported by the previous studies, which show that chaoptin mutant rhabdomeres exhibit variable length and detached microvilli (55) .
dPQBP1 mediates specific mRNA translation
A previous study has reported that loss of dPQBP1 in mushroom bodies reduces the expression of NMDA receptor subunit 1 and impairs learning in Drosophila (56) . In this study, we showed that loss of dPQBP1 impairs the expression of certain genes but not the general protein translation. Many factors affect gene expression at different levels, including the transcriptional, translational and posttranslational levels. In this study, we show that dPQBP1 is not essential for general protein translation, and demonstrate that dPQBP1 regulates mRNA translation by facilitating mRNA assembly into translating ribosomes, which is consistent with the observed subcellular distribution of dPQBP1.
HRP, a widely used and powerful marker in studies of insect neuronal development, labels the surface of all axon pathways in the central and peripheral nervous systems of Drosophila and grasshopper embryos (57) . We showed that HRP signal was reduced in dPQBP1 mutant eye discs. Western blotting further showed that one major band recognized by anti-HRP antiserum was reduced, whereas the other bands exhibited normal levels. Some studies have characterized relevant core α1-3-fucosylated N-glycan structures that are recognized by anti-HRP in various model and parasitic organisms (58, 59) . Several proteins recognized by anti-HRP antibody have been identified in Drosophila, including Fasciclin I, II, III, R-PTPs, neuroglian and Nervana (60) (61) (62) . However, the band with reduced expression did not correspond to any of these proteins. dPQBP1 associates with specific mRNAs and facilitates their assembly into translating ribosomes Cellular mRNAs are coated with some proteins in mRNP complexes, which regulate pre-mRNA processing and mRNA localization, translation and turnover (63, 64) . Transitions between these events are accompanied by major mRNP remodeling and the exchange of mRNP proteins. In this study, we found that both dPQBP1 and cytoplasmic hPQBP1 predominately existed in fractions containing mRNP complexes, ribosome subunits and 80S monoribosomes. We further found that both dPQBP1 and hPQBP1 were cocaptured with poly(A) RNAs in an RNA-dependent manner and that dPQBP1 associated with specific mRNAs in vivo.
Previous studies show that mRNP composition dictates whether mRNA engages in translation or remains translationally inactive (63, 64) . Several studies established that many translationally inactive mRNPs are able to assemble into cytoplasmic mRNP granules, including processing bodies, stress granules, germ granules and neuronal transport granules (3,64-66 ). . (B) The capture of cytoplasmic hPQBP1 depends on its association with poly(A) RNA. Postmitochondrial supernatants were exposed to 1.2 mg/ml RNase A and 30 U/ml RNase T1 at 37°C for 15 min to allow hydrolysis of cytoplasmic RNAs before being subjected to oligo(dT) capture. (C) Immunostaining shows the distribution of hPQBP1 expressed in developing photoreceptors. Eye discs were dissected from hPQBP1-expressing and control flies and double-stained with anti-hPQBP1 (green) antibody and DAPI (blue, for nuclei).
(D) Immunostaining shows Chaoptin and HRP protein levels in hPQBP1-expressing photoreceptors. Eye discs were dissected from hPQBP1-expressing and control flies and double-stained with 24B10 (red, for Chaoptin) and anti-HRP (green) antibodies. Quantification of Chaoptin and HRP levels are shown in the right panel.
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PQBP1 has been shown to colocalize with RBPs in RNA granules (25) . In this study, we showed that both dPQBP1 and cytoplasmic hPQBP1 were enriched in fractions containing mRNPs. Most importantly, we showed that the loss of dPQBP1 causes the retention of specific mRNAs in mRNP complexes. These observations indicate that PQBP1 facilitates the assembly of specific mRNAs into translating ribosomes.
Our coimmunoprecipitation experiments showed that dPQBP1 associates with specific mRNAs. One possibility is that PQBP1 binds with specific mRNAs directly, as PQBP1 has been shown to bind preferentially to a poly(rG) sequence (20) . Another possibility is that PQBP1 associates with other RBPs that preferentially bind to specific mRNAs. PQBP1 has been found to interact with some cytoplasmic RBPs, including KSRP, SFPQ/PSF, DDX1 and Caprin-1 (25) . Previous studies show that the majority of cytoplasmic hFMRP associates with polyribosomes as well as mRNPs. In this study, we show that dPQBP1 associates with dFMR1. This result is consistent with the finding in mammals, in which PQBP1 interacts with FMRP (25, 44) . Both FMRP and PQBP1genes are located in X chromosomes and function as RBPs, and the functional absence of these two proteins causes intellectual disability (10, 67) . In this study, we show that dPQBP1 interacts with dFMR1. Previous studies have demonstrated that FMRP contains three canonical RNA-binding domains (25, 44) and a point mutation (I304N) in the second KH domain (KH2) abolish normal polyribosome association of FMRP (45) (46) (47) (48) (49) . In the present study, we revealed that loss of dPQBP1 results in dFMR1 retaining in the fractions containing mRNPs, strongly suggesting that dPQBP1 is essential for the movement of dFMR1. Our study characterizes the potential physiological roles of FMRP-PQBP1 interaction. dPQBP1 protein contains 231 amino acids, and its predicted molecular weight is 27 kDa. However, in our western blotting analysis, it presents as double bands at ∼34 kDa, suggesting dPQBP1 undergoes the post-translational modifications. Similar results were observed in mammalian PQBP1. We have attempted to identify the post-translational modification in dPQBP1. However, treatment of dPQBP1 with calf intestinal alkaline phosphatase did not result in a band shift (data not shown), excluding the possibility that dPQBP1 undergoes phosphorylation modification. The type and physiological roles of post-translational modification in dPQBP1 need to be further investigated.
Previous studies demonstrate that PQBP1 contains a NLS and predominately localizes in the nucleus to mediate mRNA transcription and splicing (14, 52, 68, 69) . In addition to existing in the nucleus, PQBP1 also exists in cytoplasmic RNA granules, suggesting that it may play a role in the cytoplasm (25) . PQBP1 also localizes at the base of neuronal cilium, and targeting its WW effector domain stimulates ciliary morphogenesis (70) . In this study, we showed that hPQBP1 acts as an mRNP and associated with poly (A) RNA in vivo. Importantly, we show that expression of hPQBP in dPQBP1 mutant photoreceptors successfully restored the Chaoptin level. Taken together, these results suggest that hPQBP1 associates with mRNA in the cytoplasm and regulates mRNA translation.
Materials and Methods
Fly stocks and transgene generation Center, and other flies used in this work were from the Bloomington Drosophila Stock Center. All flies were raised with standard medium at 25°C under a 12 h light/12 h dark cycle.
Antibodies
Anti-dPQBP1 polyclonal antibody was raised in rabbits against a GST-dPQBP1 fusion protein by GenScript (Nanjing, China). An affinity column, which was created by coupling MBP-PQBP1 fusion protein to CNBr-activated Sepharose 4B (GE Healthcare Life Sciences, UK), was used to purify the antibody.
Other antibodies used in this work were obtained from Devel- 
ERG recordings
ERG recordings were performed as previously described (71) . Briefly, eyes from 1-day-old flies were stimulated with orange light pulses for five seconds (4000 Lux). For each genotype, >10 flies were examined and the quantitative data were presented as mean ± SEM.
EM
Electron microscopy was performed as previously described (72) . Briefly, the heads from 1-day-old flies or pupa at specific developing stages were fixed in 0.1  sodium cacodylate buffer ( pH 7.2) with 2.5% glutaraldehyde and 4% paraformaldehyde at 4°C for overnight (Red eye flies fix for 2 h). After rinsing with 0.1  sodium cacodylate for three times, the fixed tissues were stained with 1% osmium tetroxide for 1 h at room temperature. A standard ethanol dehydration series was performed and the tissues were immersed in two 10 min washes of propylene oxide. The tissues were then embedded with standard procedures. Of note, 90 nm thin sections were cut, collected on Cu support grids, and stained with uranyl acetate for 8 min, followed by 5 min with lead citrate. The EM graphs were captured by electron microscope Hitachi-7650 at 80 kV. The quantitative data are presented as mean ± SEM.
Immunostaining
Fly heads or eye disc were dissected in phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde. After three washes and blocked with 5% goat serum, the samples were incubated with primary antibodies at 4°C for overnight, followed by five washes and incubation with secondary antibodies at room temperature for 2 h. Sliced sections were stained similarly according to a previously described protocol (32) . The stained samples were examined under an LSM 700 confocal microscope (Zeiss, Germany). The primary antibodies were used as follows: anti-dPQBP1 ( and the data from three independent experiments were averaged. The quantitative data are means ± SEM. Ommatidium staining was performed as previously described (32) . Ommatidia were quickly dissected in ringer solution without calcium (NaCl 6 g/l, KCl 0.075 g/l, NaHCO 3 0.1 g/l), transferred to poly--lysine-coated slides and kept in dark for 1 h. The primary antibodies were used as follows: 24B10 (1:100) and anti-Rh1 (1:100). F-actin was labeled by phalloidin (1:100). The stained ommatidia were examined under an LSM 700 confocal microscope (Zeiss, Germany) and quantitative data were presented as mean ± SEM.
ER/Golgi apparatus isolation
To isolate ER/Golgi apparatus, the Endoplasmic Reticulum Isolation Kit (Sigma-Aldrich, USA) was used according to the manufacture's instruction. Briefly, 4.0 g fly heads were homogenized in 30 ml of 1× isotonic extraction buffer [10 m 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.8, 250 m sucrose, 25 m potassium chloride, 1 m EGTA, 1% Protease Inhibitor Cocktail]. The homogenates were centrifuged at 1000g at 4°C for 10 min, and the supernatants were transferred to another centrifuge tubes followed by a 12 000g centrifugation at 4°C for 15 min. The supernatant fractions as the postmitochondrial fractions (PMF) were centrifuged at 100 000g for 60 min at 4°C using Optima TM MAX Ultracentrifuge (Beckman Coulter, USA). The pellets that contained the crude microsomes were homogenized with 1.4 ml of 1× isotonic extraction buffer and split into two fractions. Four hundred microliters were saved for further analysis; while 1 ml of the remnant samples were added with 0.5 ml of the 60% OptiPrep Density Gradient Medium and placed between 2 ml of the 30% Optiprep solution at the bottom of the ultracentrifuge tube and 4 ml of the 15% Optiprep solution at the top. The samples in the Optiprep solution were centrifuged at 150 000g for 3 h and 0.5 ml fractions were taken off from the top of the gradient downwards using the supplied 4 in. blunt-ended needle. The collected fractions were used for western blot analysis. To isolate rough ER (RER)-enriched microsomes, the postmitochondrial supernatants (PMS) were isolated and mixed with 8 m calcium chloride solution with constant stirring at 4°C for at least 15 min. The samples were centrifuged at 8000g for 10 min at 4°C and the pellets (containing RER) were resuspended in 100 µl of 1× isotonic extraction buffer for western blotting analysis.
mRNP capturing assay
The PMS from human SK-N-BE2 cells were prepared according to the previous protocol (48) . Briefly, cells were incubated on ice for 5 min in 1 ml of the lysis buffer containing 20 m Tris ( pH 7.5), 100 m KCl, 5 m MgCl 2 , 0.3% (v/v) NP-40, 100 U/ml of RNase block (Stratagene, USA), 1 mg/ml protease inhibitor cocktail and 1 m phenyl methane-sulfonylfluoride (PMSF) (SunShineBio, China). The lysates were centrifuged at 10 000g for 10 min at 4°C and the supernatants were kept as PMS. To prepare PMS from flies, 500 fly heads were homogenized in 250 µl of extraction buffer containing 50 m Tris ( pH 8.0), 0.5% Triton X-100, 1 m dithiothreitol (DTT), 100 units/ml RNase out, 0.2% vanadylribonucleoside complex (New England Biolabs, USA), 1 m PMSF and 1 mg/ml protease inhibitor cocktail and centrifuged as described above. mRNP capturing assay was performed according to the previous protocol (48) . Briefly, 250 µl of binding buffer [20 m Tris pH 7.5, 1  NaCl, 2 m EDTA, 0.2% sodium dodecyl sulphate (SDS)] were added into 250 µl PMS with or without 30 m EDTA or 0.2 N NaOH. After incubation at 37°C for 15 min, the samples were centrifuged at 10 000g for 10 min, and the NaOH-treated samples were then neutralized to pH 8.0. All the samples were incubated with 20 µl of oligo(dT) beads (NEB, USA). The mixtures were centrifuged at 10 000g for 2 min and the beads were washed three times, after which the mRNP complexes were eluted by preheated elution buffer for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis.
Polyribosome profiling by sucrose gradient ultracentrifugation
For polyribosome profiling assay, ∼5 × 10 7 human SK-N-BE cells were rinsed with PBS containing 100 mg/ml cycloheximide for three times and lyzed in 400 µl of lysis buffer with cycloheximide. About 800 fly heads were also homogenized in 200 µl of extraction buffer containing cycloheximide. The lysates were subjected to PMS preparation as described above. About 150 µl of each PMS samples were loaded onto 10-50% (w/w) sucrose gradients in a 5 ml Ultra-Clear Tube (Beckman Coulter, USA) and centrifuged with a Beckman SW55Ti rotor at 39 000 rpm for 90 min at 4°C. Each sample was fractionated using the constant flow pump and Beckman fraction recovery system. The ribosomal profiling was assayed by detecting OD254 using NANODROP 2000 (Thermo Scientific, USA). Samples from the fractions were taken for western blot analysis and real-time RT-PCR analysis, respectively.
In vitro actin assembly assay
Pyrene muscle actin (Cytoskeleton, USA) was diluted to 1 mg/ml with general actin buffer (G-Buffer: 5 m Tris-HCl pH 8.0, 0.2 m CaCl 2 ; Cytoskeleton, USA) supplemented with 0.2 m ATP and 1 m DTT and mixed with non-muscle actin (Cytoskeleton) at 1:10 ratio. The mixture was kept on ice for 1 h to depolymerize the possible filament actins (F-actin), and centrifuged at 14 000 rpm at 4°C for 30 min to remove any precipitants. The Arp2/3 complex (Cytoskeleton) (5 mg/ml), GST-dPQBP1 (0.2 mg/ml) and GST (0.2 mg/ml) were all prepared in G-buffer and clarified by centrifugation at 14 000 rpm at 4°C for 10 min. Ten microliters of the actin mixtures were added into 20 µl of different protein solutions (for Arp2/3 complex, 0.5 µl were used) and placed into the fluorescence spectrophotometer (Shimadzu, RF-5301PC, Japan) reading the fluorescence for 3 min to establish the baselines. After that, 10 µl of actin polymerization buffer (500 m KCl, 20 m MgCl 2 , 10 m ATP; Cytoskeleton) were added into each reaction to promote actin polymerization. The fluorescence signals were recorded by the spectrophotometer every 2 s for 10 min with an excitation wave length of 360 ± 15 nm and an emission wavelength of 407 ± 10 nm. The data were exported and analyzed using Excel (Microsoft, USA).
Identification of dPQBP1-associated proteins by MS
The maltose binding protein (MBP) fusion proteins were expressed in Escherichia coli BL21 cells and purified with amylose resin (New England Biolabs). Approximately 500 µg of each protein was coupled to 5 ml Sepharose 4B agarose and incubated with head extracts of 1000 flies (in PBS containing 1% Triton X-100 and protease inhibitors). After three washes with PBS, the proteins were eluted and dissolved in ammonium bicarbonate buffer solution (25 m, pH 8.0) and digested with trypsin at 37°C for 16 h. The nano-LC-MS/MS experiments were performed with LTQ-Orbitrap MS (Thermo Fisher, USA) equipped with a nanoelectrospray ion source. The LTQ-Orbitrap instrument was The analytical condition was set at a linear gradient from 0 to 60% buffer B in 60 min, and the flow rate was adjusted to 200 nl/min. The column was reequilibrated at initial condition for 10 min. The MS/MS spectra acquired from precursor ions were submitted to Maxquant.
To identify the proteins that shows impaired expression in dPQBP1 mutant photoreceptors, 20 eye discs from either w 1118 or dPQBP1 mutant flies were dissected in 1× PBS and homogenized in 40 µl of pre-cooled isolation buffer (10 m HEPES pH 7.8, 250 m sucrose, 25 m KCl, 1 m EGTA and 1% (w/v) protease inhibitor cocktail). The homogenates were centrifuged at 2000g at 4°C for 10 min, and the pellets were resuspended in 20 µl of 1% (w/v) BriJ 58 in 1× isolate buffer for SDS-PAGE and subsequent silver staining. Gel bands that were absent or significantly reduced in dPQBP1 mutant sample were excised, destained and digested with proteomics grade trypsin (Sigma) at 37°C for 18 h. Peptides were desalted using a ZipTip (C18; Millipore) and spotted for mass spectrometric analysis on an MALDI-TOF/TOF analyzer.
Immunoprecipitations and RT-PCR
Immunoprecipitations were performed as previously described (73) . About 700 adult fly heads from w 1118 or dPQBP1 mutant flies were homogenized in extraction buffer and subjected to PMS preparation as above. 10 µl of anti-dPQBP1 antibodies were mixed with Protein A-Sepharose beads (Sigma-Aldrich, USA) for 2 h and washed with NT2 buffer (50 m Tris, pH 7.4; 150 m NaCl; 1 m MgCl2; 0.05% Nonindet P-40). The antibody-bead mixtures were incubated with the lysates for 2 h in 1 ml volume with NT2R buffer (50 m Tris, pH 7.4; 150 m NaCl; 1 m MgCl2; 0.05% Nonindet P-40; 100 units/ml RNase out; 0.2% vanadylribonucleoside complex; 20 m EDTA; and 1 m DTT), washed and subjected to phenol/chloroform extraction and ethanol precipitation for RNA isolation. The cDNAs were syntheses using SuperScript TM III First-Strand Synthesis System (Invitrogen, USA)
according to the manufacturer's protocols and 1 µl of cDNAs from each sample were used in real-time RT-PCR reactions.
Statistics
The quantitative data are presented as mean ± SEM. Two-tailed Student's t tests were used to compare between the genotypes. The western blotting and fluorescence images obtained were analyzed with Image J software (National Institute of Health, USA) and three independent experiments data were averaged. Statistical significance was set as *P < 0.05, **0.001 < P < 0.05, ***P < 0.001 and n.s. no significance.
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